Abstract Myocardial infarction (MI) is one of the common diseases whose pathogenesis includes genetic factors. To reveal genetic backgrounds of this clinically heterogeneous disorder, we started our case-control association study by examining large-scale gene-based single nucleotide polymorphism (SNP) sets for $1,000 patients and controls. As a core genotyping method, a combination of multiplex PCR and Invader method was used, and after genotyping $65,000 SNPs, we found two SNPs located within lymphotoxin-a (LTA) gene showing significant association with MI. LTA is one of the cytokines produced in the early stages of vascular inflammatory processes. These SNPs seem to be involved in inflammation by both qualitatively and quantitatively modifying the function of LTA protein, thereby conferring a risk of MI. The genetic association was further confirmed by other researchers using white European trios. To further understand the roles of LTA protein in the pathogenesis of MI, we searched for proteins that interact directly with LTA protein and identified galectin-2 protein as a binding partner of LTA protein. It is a member of galactose-binding lectin family whose function has not been well characterized. Genetic association study again revealed that an SNP in LGALS2 encoding galectin-2 was also associated with susceptibility to MI. This genetic substitution seemed to affect the transcriptional level of galectin-2, which led to altered secretion of LTA, thereby affecting the degree of inflammation. Thus, our findings indicate the importance of inflammation, especially the LTA cascade, in the pathogenesis of MI. Also, combined strategy of genetic and molecular-cellular biological approaches may be useful for clarification of the pathogenesis of common diseases in general.
Introduction
Coronary artery diseases including myocardial infarction (MI) continue to be the principal cause of death in many countries despite changes in lifestyle and the development of new pharmacologic approaches (Breslow 1997; Braunwald 1997) , indicating the importance of identifying genetic and environmental factors in the pathogenesis of these diseases to provide better treatment to patients.
MI is a disease of the vessel that feeds the cardiac muscle, called the coronary artery. Abrupt occlusion of the coronary artery results in irreversible damage to cardiac muscle. Plaque rupture with thrombosis is a well-established critical factor in the pathogenesis of MI (Falk et al. 1995; Libby 1995) . Although detailed mechanisms of plaque rupture are unknown, inflammation is thought to play an important role in its pathogenesis (Ross 1999) . Inflammatory mediators like cytokines are involved in atheroma formation; rapid evolution of the atheromatous injury, leading to rupture of the plaque; and intraluminal thrombosis (Ross 1999) .
Epidemiological studies have revealed several risk factors for MI, including diabetes mellitus, hypercholesterolemia, and hypertension. Although each of the risk factors should have genetic components, a positive family history of MI is an independent predictor, which suggests it has a genetic background of its own (Marenberg et al. 1994) . To reveal genetic backgrounds of MI, investigation through common genetic variants should be of great use since they are widely thought to contribute significantly to genetic risks of common diseases (Collins et al. 1997; Lander 1996; Risch and Merikangas 1996) . Naturally, comprehensive analyses, rather than the candidate gene approach, have much more power to detect genetic factors in that, in theory, they can examine a whole set of genetic variations. Among the variations in the human genome, single nucleotide polymorphisms (SNP) have recently attracted attention. SNP is the most common variations and is usually biallelic. These characteristics provide a greater probability of identifying the associated variations directly if comprehensive analysis is possible, and their binary nature is also of great help in constructing a high-throughput genotyping system.
In this mini-review, we focus on our genetic association results and show that our initial hypothesis-free strategy unexpectedly revealed the importance of inflammation in the pathogenesis of MI.
Identification of susceptibility locus for MI through large-scale gene-based SNP association study As a first step in our comprehensive association study, we genotyped 94 MI patients with our high-throughput multiplex PCR-Invader assay method (Ohnishi et al. 2001 ) using 92,788 gene-based SNPs (Haga et al. 2002) and compared the results with the allelic frequencies found in 658 members of the general Japanese population. We think our screening system is superior to others in two major ways. First, our SNP database (Haga et al. 2002, http ://snp.ims.u-tokyo.ac.jp) was an extensive catalogue of SNPs located within exons, introns and promoter regions. Since we screened selected regions using these genebased SNPs, we could efficiently examine SNPs that might be associated with susceptibility to common diseases. Second, based on a combination of multiplex PCR and Invader assay, our method allows high-throughput, lowcost screening that requires as little as 0.1 ng of genomic DNA per single SNP (Ohnishi et al. 2001) .
The success rate for this genotyping was 70.8% (65,671 SNPs), and distribution of the allelic frequency was largely even (Ozaki et al. 2002) . Characteristics of these 65,671 SNPs are summarized in Table 1 . The cutoff P value of 0.01 for association in either recessive or dominant models was used for this screening, and as shown in Table 2 , approximately 99% of the SNP loci that were successfully genotyped were excluded from the second screening. We further genotyped SNPs that showed P value less than 0.01 in a larger replication panel of MI patient and control subjects and found that most of the loci eventually showed the lack of association at this screening phase of the project. From these observations, we think one should carefully handle the association results using fewer ($100) samples for common diseases. However, when one SNP (intron 1; 252A>G) in the lymphotoxin-a (LTA) gene on chromosome 6p21 (HLA region), which was associated with MI in the screening (v 2 =9.4, P=0.0022), was verified, the association became much more significant, with a v 2 value of 18.0 (P=0.000022; homozygotes for the minor allele versus others) and an odds ratio of 1.69 [95% confidence interval (CI): 1.32-2.15; Table 3 ].
Then we examined whether the SNP in LTA was related to conventional risk factors of MI, including diabetes (DM), hypertension (HT) and hyperlipidaemia (HL). We examined the genotype frequencies in the presence or absence of each risk factor in 1,133 MI samples, and found that an association between each of the three risk factors and SNP at LTA was not statistically significant in a comparison of homozygote for the minor allele versus others (P=0.14, 0.96 and 0.68 for DM, HT and HL, respectively). Thus, the association of LTA was shown to be independent of each of these conventional risk factors.
We also investigated the possibility that population stratification might be influencing the results. We examined the distribution of chi-square values for all SNP loci where chi-square test was appropriate. The mean and 95% upper bound for the values were 1.05 and 4.03 for recessive-inheritance model, respectively, and 1.04 and 3.96 for dominant-inheritance model, respectively, indicating that there was no population stratification. These analyses indicated that a gene conferring susceptibility to MI itself was present within this region.
Linkage disequilibrium and haplotype structure at LTA locus We constructed a high-density SNP map for LD mapping by direct sequencing of DNA by screening approximately 130 kb of the relevant region on 6p21, which included several other genes encoding molecules The table is taken from Ozaki et al. (2002) related to inflammation, such as TNF, LTA, NFKBIL1, and BAT1. We found 26 SNPs with frequencies high enough to make them relevant to the search for genes predisposing to common diseases (>25% of minor alleles), and consequently found one extended block of intense LD. We further genotyped these 26 SNPs by expanding the sample size. Although most of them showed no significant association with the MI phenotype, three of these SNPs revealed a tight association with MI when we compared frequencies of homozygosity for the minor allele between cases and controls (Table 3) . We further confirmed association with MI and LTA exon3 804C>A SNP using increased sample sizes (2,833 cases and 3,399 control subjects) and obtained similar association results (P=0.0000014, recessive association model; (Yamada et al. 2004) ; we think there is one flaw in their paper. The genotype frequencies of our MI group and their MI group were almost the same, and the difference was in control groups. Their control group included only those who had at least one coronary risk factor, which created a risk of sampling biases. Also, several other studies have examined this locus, and their genotype frequencies were similar to our control groups (Nishimura et al. 2000; Quasney et al. 2001; Tokushige et al. 2003; Iwanaga et al. 2004 ). Thus, it might be natural to consider that the different association results were due to the unique characteristics of their control group, not ours.
Function of intron1 SNP in LTA
To determine whether the two SNPs in the LTA gene, 10G>A in exon 1 and 252A>G in intron 1, would affect its expression level, we constructed three kinds of plasmids with a genomic fragment containing both SNPs (10G-252A, 10A-252G, and 10A-252A haplotypes, respectively) upstream of a luciferase gene transcriptional unit. We did not investigate a construct containing 10G-252G because this haplotype was not present in the individuals we examined. As shown in Fig. 1a , the clone containing the 10A-252G haplotype showed 1.5-fold greater transcriptional activity than clones containing the other two haplotypes, indicating that the substitution in intron 1, but not the one in exon 1, affected transcription of the LTA gene. We also used reporter-gene assays to investigate potential effects of SNPs in the promoter regions of the IKBL and BAT1 genes, and found that a -63A allele of IKBL might cause a moderate reduction in transcriptional activity (Fig. 1b) .
Furthermore, since any known DNA-binding proteins could probably bind to parts of the DNA sequence containing the SNP in intron1 of LTA, we examined whether a nuclear extract from Jurkat cells was able to bind to oligonucleotides corresponding to genomic sequences that included 252A or 252G alleles. As shown in Fig. 1c , the band that appeared when we used the oligonucleotide corresponding to the G allele was more intense than the band corresponding to the A allele, indicating that some nuclear factor present in Jurkat cells was binding more tightly to the G allele than to the A allele. This result raised the possibility that unidentified nuclear factor(s) regulating transcription of LTA by binding to this region may represent novel molecular entities related to MI susceptibility.
T26N variation in LTA protein
In addition to SNPs in the putative promoter or transcriptional-regulator sequences of the LTA gene, we found one SNP that would substitute asparagine for threonine at codon 26 (T26N). The LTA product can induce adhesion molecules and cytokines from vascular endothelial cells, vascular smooth-muscle cells, and several kinds of leukocytes, as its contribution to the inflammatory process (Libby 1995; Ross 1999) . To address whether these biological activities could be influenced by the amino-acid substitution in the gene product, we constructed expression vectors containing each allele, and purified mature recombinant LTA proteins in Escherichia coli. The ability of each allele to induce expression of adhesion molecules and cytokines was examined in cultured human coronary artery endothelial cells (HCAEC) and in cultured human coronary artery smooth-muscle cells (HCASMC). Both types of LTA protein stimulated mRNA expression of vascular cell adhesion molecule-1 (VCAM-1), intracellular cell adhesion molecule-1 (ICAM-1), E-selectin, TNF-a, interleukin-1a (IL-1a), and interleukin-1b (IL-1b) within 4 h, and we observed no difference in transcriptional activity when we used HCAEC. However, in HCASMC cells, 26N-LTA revealed a two-fold higher level of transcriptional activity for VCAM-1 and E-selectin than 26T-LTA (Fig. 2) . Thus, it seems that increased level of functionally modified LTA protein is associated with increased degree of inflammation, thereby conferring risk of MI (Fig. 6) . Identification of galectin-2 as a binding partner of LTA After identification of LTA as a novel genetic risk factor for myocardial infarction, we searched for proteins that interact with LTA, to better understand the role of LTA in the pathogenesis of this disease. With both the E. Coli two-hybrid system and phage display method, we could identify a protein, galectin-2, as a binding partner of LTA (data not shown). We purified both recombinant proteins raised by bacterial expression system, and direct binding between galectin-2 and LTA was tested using in vitro binding assay. As shown in Fig. 3a , galectin-2 bound directly to recombinant LTA. We further examined whether the interaction took place in mammalian cells with constructs encoding FLAG-tagged LTA and S-tagged galectin-2. Western blot analysis showed that galectin-2 was co-immunoprecipitated with LTA (Fig. 3b) . Using antibodies that specifically recognize each protein, we also investigated subcellular localization of endogenous galectin-2 and LTA proteins in U937 cells and found that these proteins co-localize in the cytoplasm (Fig. 3c) .
Association of intron 1 SNP in LGALS2 with myocardial infarction
Since galectin-2 was shown to bind to LTA, we next examined whether the variation(s) in LGALS2 (encoding galectin-2) were also associated with susceptibility to myocardial infarction. By re-sequencing of the LGALS2 genomic region using 32 MI samples, we found 17 SNPs (Table 5) . We then compared genotype frequencies of approximately 600 individuals with MI and 600 controls for these SNPs and found one SNP (3279C>T) in intron1 of LGALS2 showed significant association with MI (Table 5) . No particular haplotype showed higher statistical significance for association with MI than the significant SNP alone. We further confirmed this association by increasing the number of samples up to 2,302 for patients with MI and 2,038 for controls. Since minor allele frequency of the SNP was lower in the group of patients (Table 6 ), we concluded that the minor variant has a protective role against the risk of MI. To examine The table is taken from Ozaki et al. (2004) whether the intron1 SNP in LGALS2 would affect its expression level, we constructed reporter plasmids with a genomic fragment containing the SNP in the downstream of a luciferase gene and SV40 enhancer sequence. The clone containing 3279T allele showed two-fold less transcriptional activity than clones containing the 3279C allele and vector only (Fig. 4 a, b) , indicating that the substitution repressed the transcriptional level of galectin-2.
Function of galectin-2 protein
Although galectin-2 was thought to be a member of the carbohydrate-binding lectin family based on sequence similarity (Gitt et al. 1992) , its function was largely uncharacterized. As several members of the galectin family are known to be secreted (Hughes 1999) , we first investigated the possibility of whether galectin-2 was also secreted, using HeLa or HepG2 cell lines transfected with C-terminal FLAG-or N-terminal Myc-tagged galectin-2 expression vector. However, we could not detect galectin-2 in culture media after transfection for 24 and 48 h, even by concentrating the FLAG-or Myctagged protein using the corresponding anti-tag antibody agaroses (Fig. 4c, d ), indicating that galectin-2 predominantly functions as an intracellular protein, although this remains to be clarified using stably transformed cell lines. Since susceptibility to SNP in LGALS2 was shown to affect expression level of galectin-2, we hypothesized that intracellular amounts of galectin-2 might regulate the secretion level of LTA, thus influencing the degree of inflammation. To clarify this, we examined changes in the secreted level of LTA caused by quantitative alteration of galectin-2, using siRNA technique. One siRNA for galectin-2 was shown to specifically repress $80% of galectin-2 mRNA (Fig. 4e) and to significantly inhibit the secretion of LTA (Fig. 4f) . As shown in Fig. 4g , LTA mRNA level did not change by knockdown of galectin-2. To investigate the regulatory mechanism of LTA secretion by galectin-2, we searched for intracellular molecules that associate with galectin-2 using the tandem affinity purification (TAP) system (Rigaut et al. 1999 ). We identified two specific bands that could be seen only when the galectin-2-TAP tag was expressed (Fig. 5a ). Based on a MALDI/ToF mass spectrometry analysis, the two bands were identified as a-and b-tubulins, both constituting microtubules. Using FLAG-tagged galectin-2 transfected HeLa cells, we confirmed co-immunoprecipitation of endogenous tubulins (Fig. 5b) . Interestingly, we also found that the c e ll ly s a t e s u p e r n a t a n t c e ll ly s a t e s u p e r n a t a n t c e ll ly s a t e s u p e r n a t a n t c e ll ly s a t e s u p e r n a t a n t 24h 48h 24h 48h Ozaki et al. (2004) endogenous tubulins were also co-immunoprecipitated with LTA (Fig. 5b) . Images from serial confocal sections of double-immunostained U937 cells revealed that galectin-2 and a-tubulin co-localized as reticular filamentous networks developed in the cytoplasm (Fig. 5c) . Recently, microtubule cytoskeleton networks have been implicated in the subcellular movements of some proteins including glucose transporter isoform (GLUT4) or thiamine transporter (THTR1) (Liu et al. 2003; Subramanian et al. 2003) . It is likely that LTA is another molecule that uses the microtubule cytoskeleton network for translocation, and galectin-2 mediates LTA trafficking through binding to microtubules, although the precise role of galectin-2 in this trafficking machinery complex has yet to be elucidated (Fig. 6) .
Other genetic association studies on MI By searching the OMIM (Online Mendelian Inheritance in Man; http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM) database with the keyword ''myocardial infarction,'' one can find 132 distinct entries related to this disease. Most of the loci were examined using a small-scale patient group, thus indicating the fragility of their association results. However, even with those that examined a large number of patients, there is scarcely a follow-up study to confirm the association with this disorder. It might be conceivable that the next step should be a prospective confirmatory study and/or meta-analysis.
Molecular analyses on MI regarding inflammation
There have been studies that reported the importance of inflammation in the pathogenesis of this disorder. For example, rupture of atherosclerotic plaques occurs pre- LGALS2 (lower panel) in inflammatory process in the pathogenesis of myocardial infarction (MI) dominantly at the edges of the fibrous cap, an area of accumulated inflammatory cells in close proximity to vascular smooth-muscle cells and endothelial cells (Galis et al. 1994; Jonasson et al. 1986; Kaartinen et al. 1994 Kaartinen et al. , 1996 van der Wal et al. 1994) . Activated inflammatory cells stimulate their neighboring cells to erode the extracellular matrix through the release of inflammatory cytokines, and decay of the framework forming the plaque cap leads to plaque rupture (Galis et al. 1994; Kaartinen et al. 1996) . Also, a recent report demonstrated that LTA was expressed in atherosclerotic lesions in mice and that loss of LTA reduced the size of those lesions; on the other hand, loss of TNF did not alter development of lesions in mice fed an atherogenic diet (Schreyer et al. 2002) . These implied that LTA, as one of the mediators of inflammation, along with galectin-2 as a regulator of LTA secretion, might play an important role in the pathogenesis of MI.
Conclusions
Through a large-scale case-control association study using SNPs, we found two SNPs in LTA confer risk of MI; one in LGALS2, encoding a binding protein of LTA protein, was also associated with MI. With these two association results as well as recent molecular studies on MI, we believe inflammation, and especially the LTA cascade, may play a pivotal role in the pathogenesis of MI. It is worth noting that these findings initially came from a hypothesis-free, large-scale SNP association study. This indicates the potent power of this kind of study to identify an anchoring point for pathogenesis, and that for further understanding, combination of a search for a binding partner of the encoded protein and a subsequent genetic analysis might also be powerful. It is also possible that a common final pathway that emerges as inflammation is present in the pathogenesis of MI, and due to these characteristics, identification of genetic risk factors of this clinically heterogeneous disorder was relatively easy. Needless to say, this is a speculation and needs to be clarified.
CAD attributable to atherosclerosis is a leading cause of death for both men and women in many countries (Breslow 1997; Braunwald 1997) . We believe that knowledge of genetic factors contributing to the pathogenesis of MI will lead to improved diagnosis, treatment and prevention for the patients.
